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ABSTRACT 

Background Leber's hereditary optic neuropathy 
(LHON) is a condition characterised by a rapid bilateral 
central vision loss due to death of the retinal ganglion 
cells, leading to visual impairment commonly occurring 
during young adulthood. The disease manifests itself 
more in male patients than female patients. The mtDNA 
mutations m.1 1778G>A, m.3460G>A and m.14484T>C 
are by far more frequent in LHON than any other 
mutation. In this report, a multi-generational Arab family 
from Kuwait with 14 male members with LHON was 
investigated. 

Methods Complete mtDNA mutational analysis by 
direct Sanger's sequencing was carried out to detect 
pathogenic mutations, polymorphisms and 
haplogrouping. 

Results All maternally related subjects from this study 
who were examined expressed the L3 haplotype 
background, with two concurrent mtDNA mutations, 
10609T>C and 10663T>C, that led to non-conservative 
amino acid changes of He47Thr and Val65Ala, 
respectively. The two variations were absent in 144 
normal and ethnicity-matched controls. 
Conclusions The two identified mutations associated 
with LHON in this family may exert their pathogenicity 
through a cumulative or haplogroup effect. This is the 
first report of the presence of two concurrent mutations 
in the ND4L gene in individuals with LHON who carry 
the L3 haplogroup. 



INTRODUCTION 

Leber's hereditary optic neuropathy (LHON) is a 
condition characterised by a rapid bilateral central 
vision loss due to the death of the retinal ganglion 
cells, leading to visual impairment. The peak age of 
onset in LHON is between 15 and 30 years. 1 The 
disease usually affects male patients, whereas 
female patients tend to be carriers with a male to 
female ratio greater than 4 to 1. However, the 
expression of LHON in female patients is no less 
severe compared with male patients. 2 
Environmental factors such as tobacco and alcohol 
use increase the risk of LHON in carriers of the 
mtDNA mutations. 3 4 

Mutational defects in mtDNA genes can lead to 
a wide range of organ disorders due to defective 
mitochondrial oxidative phosphorylation pathway. 
The mitochondrial oxidative phosphorylation 
machinery is structured from five enzymatic com- 
plexes (I-V). The first of these complexes, complex 
I, is composed of seven structural subunits that are 
encoded by seven mitochondrial genes (ND1-6 



and ND4L). While pathogenic mutations in all 
seven genes have been reported to cause a wide 
variety of clinical phenotypes, mutations in four of 
these (ND1, ND4, ND4L and ND6) are respon- 
sible for almost 90-95% of all LHON cases. 5 The 
three primary mtDNA mutations, m.H778G>A, 
m.3460G>A or m.l4484T>C (in the genes encod- 
ing the mitochondrial complex I subunit including 
ND4, ND1 and ND6, respectively) are far more 
frequent in LHON than any other mutation, and 
account for more than 90% of LHON cases. 6 The 
prevalence of these mutations varies worldwide, 
but m.H778G>A is the most common; this muta- 
tion accounts for 70% of all cases in northern 
Europeans. 7 m.l4484T>C is the most common 
among French Canadians and can be tracked to a 
founder effect, 8 but this mutation is uncommon in 
the UK and in Scandinavia. 7 However, 10% of 
individuals with LHON do not harbour one of the 
above three common mutations. 9 

mtDNA mutational analysis for patients with 
LHON in some instances has revealed the presence 
of additional rare but pathological mutations in 
ND1 and ND6 genes. 10 Polymorphic nucleotide 
changes (secondary mutations) characteristic of 
Eurasian mtDNA haplogroup J and its subclasses 
have been indicated to play a synergistic role in 
penetrance of the primary mutations 11778G>A 
and 14484T>C. 11 Other mtDNA analysis of 
patients with LHON resulted in discovering more 
mutations in ND1 (4171C>A, 3733G>A and 
m.3635G>A) and in ND6 (144820G/A, 
14568C>T and 14495A>G). 12 Further genetic 
testing for families with LHON who belong to the 
J haplogroup has shown the presence of ND4L 
10663T>C mutation. 13 More mutations like 
m.l4498C>T in ND6 14 and m.4640C>A in 
ND2 15 were also described, suggesting a patho- 
genic role in LHON. 

In this report we describe a multigenerational 
Arab family with 14 LHON-affected members who 
lack the primary mtDNA mutations but carry two 
uniquely concurrent mutations in the ND4L gene 
and express the L3 haplogroup. 

METHODS 
Cases enrolment 

Maternally related family members from Kuwait 
were investigated in this study. This study has 
adhered to the tenets of the Declaration of 
Helsinki, and was approved by our institutional 
Ethics Review Committee. Written informed 
consent was obtained from all 13 participants who 
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Figure 1 Pedigree for family structures and members' IDs. Pedigree consisted of five generations of which 14 male members expressed Leber's 
hereditary optic neuropathy. All participants (V-1, V-2, V-7, V-9, V-1 4, V-1 6, VI-9, VI-10, VI-16, VI-17, VI-18, VI-19 and VI-20) received full mtDNA 
analysis. 



enrolled in this study. For minors (age < 18 years), parental 
consent was obtained. 



Clinical assessment 

Out of 14 LHON-affected family members (figure 1), six were 
enrolled and were available for neuro-ophthalmic assessment, 
including best corrected visual acuity, colour vision testing using 
the pseudoisochromatic colour plates, pupillary testing, dilated 
fundus examination, Humphrey automated visual field and spec- 
tral domain optical coherence tomography (OCT) of the retinal 
nerve fibre layer (RNFL) using a circular 3.4 mm (1024 A-scans 
and 6x6 mm) and a macular 3D scan 512x128 (128 horizontal 
scan lines comprised of 512 A-scans) for measuring macular 
thickness and volume (Topcon 3D OCT 2000). The age range 
of enrolled affected subjects was between 12 and 24 years. The 
cases comprised three kindreds: the first was composed of one 
male member (V-1); the second consisted of seven members, 
including the two parents, a sister and four brothers; the third 
comprised two parents and two male children. The proband 
(VI-9) belonged to the third kindred. For non-pathological 
mutations validation/exclusion, unrelated Kuwaiti adult controls 
(144 in total; 80 women and 64 men) were used as a normal 
mtDNA sequence referencing. 



Preparation of DNA samples 

A 4 ml sample of blood from each patient was collected with 
informed consent which was approved by the Institutional 
Ethics Review Board. DNA was isolated using the standard pro- 
cedure (PURAGENE) and resuspended in 300 |xLs of TE buffer 
and then stored at -40°C until needed. 



PCR amplification and sequencing analysis for LHON 
mutation screening 

Full mtDNA sequence was carried out on all participating 
family members for haplogrouping and detection of 
LHON-causing mutations in ND1, ND4L, ND4 and ND6 
genes. The primers' used for sequencing were according to pre- 
vious work by Rieder et al. 16 A subset of these primer pairs 
with additional information is given in table 1. Ml 3 oligo tags 
were added to the 5' ends of all primers for robustness. 
Nucleotide coordinates are in accordance with the revised 
Cambridge reference sequence (rCRS) of human mtDNA. 17 The 
resulting sequences were aligned against the reference sequence 
using the Applied Biosystems SeqScape sequence analysis 
software. 



RESULTS 

From the 14 LHON-affected male subjects in the studied pedi- 
gree, six had received complete ophthalmic assessment. The 
clinical presentation of two male subjects is summarised below. 

Proband (VI-9): This 15 -year-old male patient presented with 
sudden decrease in vision in the right eye. His brother had the 
same condition at 8 years of age and he was suspected of having 
LHON. There was also family history in his maternal uncle and 
cousins. Visual acuity was 20/400 in the right eye and 20/30 in 
the left eye. He recognised one of eight pseudoisochromatic 
colour plates in the right eye and eight of eight in the left eye. 
Pupillary testing did not reveal a relative afferent pupillary 
defect. Fundus examination shows a bilateral mild disc oedema 
(figure 2A). OCT showed thickening of the RNFL in both eyes 
(figure 2B) and OCT of the macula showed reduced macular 
thickness in a peri-central pattern in both eyes (figure 2C). The 



Table 1 List of overlapping primer pairs used for mtDNA sequencing 



Gene/region 


Forward primer 


Reverse primer 


mtDNA region 


PCR product size 


ND1 


ND1F1 TACTTCACAAAGCGCCTTCC 


ND1R1 ATGAAGAATAGGGCGAAGGG 


3150-3980 


830bP 




ND1F2 TGGCTCCTTTAACCTCTCCA 


ND1R2 AAG G ATTATG G ATG CG GTTG 


3777-4660 


883bP 


ND4L 


ND4LF TCTCCATCTATTGATGAGGGTCT 


ND4LR AATTAGGCTGTGGGTGGTTG 


9967-10 859 


892bP 


ND4 


ND4F1 G CCATACTAGTCTTTG CCG C 


ND4R1 TTGAGAATGAGTGTGAGGCG 


10 653-11 511 


858bP 




ND4F2 TCACTCTCACTGCCCAAGAA 


ND4R2 GGAGAATGGGGGATAGGTGT 


11 314-12 096 


782bP 




ND4F3 TATCACTCTCCTACTTACAG 


ND4R2 AG AAG GTTATAATTCCTACG 


11 929-12 793 


864bP 


ND6 


ND6F GCATAATTAAACTTTACTTC 


ND6R AGAATATTGAGGCGCCATTG 


14081-15 017 


936bP 


D-loop 


HSV I F1 TCATTGGACAAGTAGCATCC 


HSV I R1 GAGTGGTTAATAGGGTGATAG 


1 5 792-1 6 400& 1-31 


809bP 




HSV II F2 GAGTGGTTAATAGGGTGATAG 


HSV II R2 AGGCTAAGCGTTTTGAGCTG 


10-794 


784bP 


M13 5' Tag 


M13F GTAAAACGACGGCCAGT 


M13R CAGGAAACAGCTATGACC 







Six primer pairs were used to sequence ND1, ND4, ND4L and ND6 genes; two primer pairs were also used to sequence the hypervariable region of the mtDNA. M13 generic tag 
sequences were engineered into the 5' end of each primer for sequencing reactions robustness. 
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Figure 2 (A) Fundus photograph of 
proband VI-9 showing mild bilateral 
swelling of optic nerves. (B) Optical 
coherence tomography (OCT) of the 
retinal nerve fibre layer showing mild 
thickening of the inferior and temporal 
quadrants with resolution and 
subsequent thinning 8 months later 

(D) . (C) OCT of the macula showing 
reduced macular thickness in both eyes 
and further thinning 8 months later 

(E) . OD, right eye; OS, left eye. 
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patient was started on coenzyme qlO 600 mg/day. At 8 -month 
follow-up, his visual acuity was 20/400 in the right and 20/25 in 
the left eye, and fundus examination showed temporal pallor of 
both optic discs. His OCT showed reduced RNFL thickness 
(figure 2D) and macular thickness in the right more than the 
left eye (figure 2E). 

Case 2 (VI-19): This 12-year-old male patient complained of 
being 'unable to see at far' and this started 3 months previously 
but remained stable since then. He also has a maternal uncle 
diagnosed with a similar condition. On examination his visual 



acuity was 20/30 in both eyes and he recognised only one of 
eight pseudoisochromatic colour plates in the right and two of 
eight in the left eye. His pupillary responses were brisk in both 
eyes and dilated fundus examination showed bilateral optic 
nerve head pallor (figure 3A). Humphrey visual fields (10-2) 
showed central visual field defects. OCT showed reduced RNFL 
thickness and macular thickness, and volume and follow-up 
examination 6 months later showed no significant reduction in 
the central macular thickness and volume and stable RNFL 
thickness (figure 3B-E). 
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Figure 3 (A) Fundus photograph of 
proband VI-19 showing optic nerve 
head pallor in both eyes. (B) Optical 
coherence tomography (OCT) of the 
retinal nerve fibre layer (RNFL) shows 
thinning in the temporal quadrant and 
repeat OCT 6 months later (3D) shows 
further thinning of the RNFL extending 
into the superior and inferior 
quadrants. (C) OCT of the macula 
shows thinning and a repeat OCT 
6 months later shows progressive 
thinning as well (E). Four other family 
participants (VI-10, VI-17, VI-20 and 
V-1) received full clinical assessment 
and showed similar features (data not 
shown). OD, right eye; OS, left eye. 
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In comparing all six clinical cases we examined, various stages 
of the disease were observed (table 2). Cases VI-9, VI-19 and 
VI-20 presented with recent onset of visual loss (within 
3 months). Cases VI-10, VI-17, VI-20 and V-1 had remote 
sudden onset of visual loss. 

Mutational analysis of mtDNA 

Initially, sequence analysis of all four mitochondrial genes 
(ND1, ND4, ND4L and ND6) that are known to cause LHON 
when defective was carried out for all participants. Care was 



given during analysis to capture the existence of multiple var- 
iants. Three kindreds (composed of 13 individuals) from the 
family pedigree were enrolled and analysed. For a comprehen- 
sive analysis and haplotyping, full mtDNA (including HSV I and 
II) sequence was also pursued for all participants (V-1, V-2, V-7, 

V- 9, V-14, V-16, VI-9, VI-10, VI-16, VI-17, VI-18, VI-19, 

VI- 20). 

Relative to the Cambridge sequence, 17 52m tDNA homoplas- 
mic variations could be detected (data available in online supple- 
mentary table SI). Among these, two variants mapped to the 
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Table 2 


Clinical characteristics of the six patients who received full ophthalmic assessment 






















RNFL 


RNFL 


Macular 


Macular 


Macular 


Macular 






Case 






Colour 




Optic disc 


(urn) 


(urn) 


thickness 


thickness 


volume 


volume 






no 


Age Visual acuity 


vision 


Onset 


appearance 


OD 


OS 


(urn) OD 


(jim) OS 


(jim) OD 


(urn) OS 


Treatment 


Smoker? 


VI-zU 


12 


20/25 OU 


1 /<? nil 
l/o UU 


3 months 


D~.il/M- 

raiior 


QQ 

oy 


OD 


zdU.z 


Z4D.4 


7.07 


6.94 


CoeqIO 


— 










subacute 
















600 mg 




VI-1 9 


14 


20/400 OU 


1/8 OU 


Acute 


Disc oedema 


1 09 


96 


242 


235.6 


6.84 


6.66 


CoeqIO 


- 


























600 mg 




VI-17 


22 


CF OU 


0/8 


Acute 


Pallor 


56 


49 


217.8 


221.8 


6.16 


6.27 


CoeqIO 


1 pack/day 










(5 years 
















600 mg 












ago) 




















VI-1 0 


18 


20/40 OD 


1/8 OU 


Acute 


Pallor 


72 


73 


229.2 


230.7 


6.48 


6.52 


None 


- 






20/25 OS 




(4 years 




























ago) 




















V-1 


24 


20/40 OU 


1/8 OU 


Acute 


Disc oedema 


56 


59 


233.2 


229.5 


6.59 


6.49 


None 












(4 years 


then pallor 


























ago) 




















VI-9 


15 


20/400 OD 


1/8 OD 


Acute 


Disc oedema 


126 


130 


253.5 


267 


7.17 


7.55 


CoeqIO 








20/30 OS 


8/8 OS 


(2 weeks) 


OD >OS 














600 mg 




CoeqIO, coenzyme q10; OD, right eye; OS, left eye; OU, both eyes; RNFL, retinal nerve layer thickness. 



ND4L gene including 10609T>C and 10663T>C, which were 
coinherited by all examined maternally related descendent male 
and female participants. The unrelated paternal participants 
V-1 4 and V-1 6 did not carry these mutations. The consequence 
of these two mtDNA mutations is change in amino acids encod- 
ing the ND4L protein at codon 47 and codon 65, from isoleu- 
cine to threonine (Ile47Thr) and valine to alanine (Val65Ala), 
respectively. The clinical expression of LHON in selected cases 
from the pedigree was given in the clinical description above. To 
rule out whether the mutations are not just benign polymorph- 
isms, 144 normal and ethnicity matched male and female con- 
trols were screened by sequencing for comparison. While 
10663T>C was absent in all 144 controls, 10609T>C was 
only observed in 2/144, with a frequency of 0.01%. 

The entire mtDNA genome sequences of all participants were 
also analysed for haplogrouping by utilising the haplotyping 
HmtDB database (http://www.hmtdb.uniba.it: 8 08 0/hmdb). All 
participants except V-14 and V-1 6 pointed to haplogroup L3'4 
with 100% clustering, which further maps as a unique haplo- 
type within the HmtDB database. However, both fathers (they 
are cousins) were classified into haplogroup HV with 100% 
clustering, and this haplogroup is distinguished as a unique 
haplotype within the HmtDB database. Haplogroup L3'4 has its 
ancestry in L3, and is believed to have arisen in Eastern Africa 
between 84 000 and 104 000 years ago. Immigrants carried this 
haplogroup across the Red Sea to the Arabian Peninsula. 18 
Haplogroup HX however, is a west Eurasian haplogroup. It is 
also found to a much lesser extent in parts of East Africa, 
mainly in the population of Sudanese Arabs, where the fre- 
quency of Eurasian ancestry is marked at 22.5%. 19 

DISCUSSION 

We have identified in this study a unique double-mutant ND4L 
in an extended Arab pedigree from Kuwait. We detected two 
concurrent mutations 10609T>C and 10663T>C in the fifth 
and sixth generation participants. The mutations were coinher- 
ited by all maternally related descendants and were absent in the 
unrelated paternal samples (V-14 and V-1 6). These two neigh- 
bouring mutations led to non-conservative amino acid change in 
the encoded ND4L subunit protein at codon 47 and codon 65, 
from isoleucine to threonine (Ile47Thr) and valine to alanine 
(Val65Ala), respectively. We could not find in previous reports 



similar results of the dual mutant ND4L gene in association 
with LHON. 

The mutations could affect oxidase complex formation result- 
ing in loss (or suboptimal) complex function. Gender expression 
of LHON in this pedigree was consistent with the maternal trans- 
mission model and male affection. In general, male and female 
individuals carrying any of the three primary mtDNA mutations 
in a homoplasmic state are at an approximate 50% and 10% life- 
time risk of developing visual loss, respectively. 8 20-21 In addition 
to gender and age determinants of LHON expression, the disease 
variability is determined by interplay between mtDNA defects, 
haplogroup and the environmental effects. 1 

From the 52 mutations detected in our study, only 4541G>A 
was found to be heteroplasmic and the rest of the mutations 
were in a homoplasmic state (see online supplementary table 1). 
This overwhelming homoplasmy may have contributed to the 
penetrance of the mutant ND4L gene. The single observed het- 
eroplasmy was seen in only three individuals (V2, V-7 and 
VI- 19), and that did not provide a protective effect against 
LHON. Heteroplasmy tends to drift toward homoplasmy over 
time, 22 and perhaps this was the case in our studied family in 
this report. 

Another interesting feature was from fourth-generation sib- 
lings; only one man (V-1) at age 35 years has so far expressed a 
mild LHON phenotype. He carries the double-mutant ND4L 
gene. His brother (V-2), age 33 years, also showed the double- 
mutant ND4L, but interestingly so far has not developed 
LHON. 

The early onset manifestation of LHON in the fifth gener- 
ation compared with the older generations may be due to 
unidentifiable non-genetic (environmental) factors. One such 
factor could be exposure to tobacco smoking (VI-17 from third 
kindred is a smoker). In one large multicentre epidemiological 
study, smoking had a strong and consistent association with 
visual loss, independent of gender and alcohol intake. In that 
study, men who smoked and carried any of the three primary 
LHON mutations had clinical penetrance of 93%, although the 
authors did not control for pedigree. 3 Another hypothesis to 
explain disparity in disease manifestation could be toxigenic 
environment factors and psychological stress; the fifth gener- 
ation was born in the post-Gulf War era when environmental 
pollution resulting from the fire in oil wells was linked to many 
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health problems. 23 There were no other rational or possible 
factors that could trigger the onset of LHON in this studied 
sixth (VI) generation, including nutritional limitations, anti- 
microbial drugs and acute illness. 

In a recent meta-analysis of 159 European LHON pedigrees, it 
was suggested the mtDNA haplogroup does impact on the visual 
loss risk as underlined by the three LHON-causing primary muta- 
tions. 24 There are conflicting reports on vision loss risk due to a 
combination of primary mutations with a particular haplogroup. 25 
Other reports suggested a synergistic and deleterious effect 
between LHON-causing mutations when associated with hap- 
logroup J lineage. 26 We performed phylogenetic analysis for hap- 
logrouping of all participants. Two haplogroups (L3'4 and HV) 
could be distinguished. All except the two parents (V-14 and V-16) 
belonged to the haplogroup L3'4 which has its ancestry in L3 and 
is believed to have arisen in Eastern Africa. Immigrants have 
carried this haplogroup across the Red Sea to the Arabian 
Peninsula. 18 However, haplogroup HV (seen only in V-14 and 
V-16 parents) is west Eurasian, and can be found to a much lesser 
extent in parts of East Africa, mainly in the population of 
Sudanese Arabs, where the frequency of Eurasian ancestry is 
marked at 22.5%. 19 At present, no other reports have described 
the expression of LHON in an L3 haplogroup, especially in associ- 
ation with two concurrent mutations discovered here. 

In summary, we have identified in this report a unique Arab 
family of haplogroup L3, with LHON phenotype that appears 
to have arisen through a maternal transmission mode, with two 
concurrent mtDNA mutations, 10609T>C and 10663T>C. We 
are unaware of a previous report of a dual-mutant ND4L gene 
in association with LHON. These mutations may potentially be 
considered as primary LHON mutations, in the L3 haplotype 
background, and they are distinguished from the other three 
well established primary mutations that usually cause LHON to 
manifest in subjects who are carrying the haplogroup J lineage. 
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